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Feline immunodeficiency virus (FIV) induces neurological abnormalities in domestic cats. Previously, we demonstrated that
two disparate strains of FIV (FIV-34TF10 and FIV-PPR) varied greatly in the ability to replicate in feline cortical astrocytes. To
investigate the impact of the env region on the replication efficiency of these strains, we constructed two env chimera
viruses, FIV-34TF10-PPRenv and FIV-PPR-34TF10env, to infect feline cortical astrocytes in vitro. Although all of these viruses
infected cortical astrocytes, the efficiency of replication depended on strain, and the env region played an essential role. The
viruses containing the env of 34TF10, FIV-34TF10, and FIV-PPR-34TF10env had the greatest replication rate, whereas the
viruses containing the env of PPR replicated at a lower level. Other viral regions had modulatory effects on the replication
rate, with the FIV-PPR genome providing a slight replication advantage over the FIV-34TF10 genome. We also monitored the
effects of these viruses on an important astrocyte function, glutamate uptake; all viruses significantly decreased this activity,
but only the viruses containing the env of PPR significantly impaired glutamate uptake without altering the culture viability.
These results may be particularly relevant in the context of lentivirus-induced central nervous system disease in which a
selective breakdown of astroglial function may contribute to neurodegeneration. © 2000 Academic PressINTRODUCTION
The lentiviruses feline immunodeficiency virus (FIV)
and human immunodeficiency virus type 1 (HIV-1) induce
clinically similar neurological dysfunctions in their re-
spective hosts, cats and humans (Henriksen et al., 1995).
hese defects include anisocoria, alterations in pupillary
eflexes, delayed auditory and visual evoked potentials,
ecreased nerve conduction velocities, and abnormal
leep architectures (Jabbari et al., 1993; Norman et al.,
992; Phillips et al., 1994, 1996; Prospero-Garcia et al.,
994). Cortical and subcortical structures in the brain are
he targets of FIV in infected cats (Meeker et al., 1997;
odell et al., 1993), and FIV was recovered from the
cerebrospinal fluids and brain tissues of naturally and
experimentally infected cats (Dow et al., 1990; Yamamoto
et al., 1988). However, the mechanisms of lentivirus in-
duced neurological disease have yet to be conclusively
established.
Neurons do not seem to be the direct targets of infec-
tion (Lipton, 1992b, 1994; Spencer and Price, 1992). Thus
the effects of the virus on neuron function are likely
indirect. Microglia are the cells most frequently associ-
ated with lentivirus infection of the central nervous sys-
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18tem (CNS) and likely are very important in contributing to
the development of lentivirus-induced CNS disease (Lip-
ton and Gendelman, 1995; Spencer and Price, 1992;
Takahashi et al., 1996). In addition to microglia, astro-
cytes may also play an important role in CNS breakdown.
Astrocytes are the most common cell type in the brain
and have important homeostatic regulatory functions,
and lentivirus infection of these cells has been demon-
strated both in vivo and in vitro (Balluz et al., 1996; Benos
et al., 1994a, 1994b; Dow et al., 1992; Epstein and Gen-
delman, 1993; Genis et al., 1992; Nath et al., 1995; Niikura
et al., 1996; Nuovo et al., 1994; Ranki et al., 1995; Taka-
hashi et al., 1996; Tornatore et al., 1994b; Zenger et al.,
1995). Although the level of HIV-1 replication in astro-
cytes is low (Blumberg et al., 1994; Niikura et al., 1996;
Nuovo et al., 1994; Ranki et al., 1995), a persistent pro-
ductive infection clearly develops (Brack-Werner et al.,
1997, 1992; Tornatore et al., 1994b).
Astrocytes are essential functionaries in maintaining ho-
meostasis of the CNS (Schousboe et al., 1997). In the brain,
astrocytes regulate the level of extracellular glutamate, the
primary excitatory neurotransmitter, which accumulates as
a consequence of neuronal activity (Rothstein et al., 1996).
An abnormally high extracellular concentration of gluta-
mate may play a pivotal role in the disruption of the CNS
homeostasis (Schousboe et al., 1997). The disruption of this
astroglial function supports the excitotoxicity theory, a pos-
sible explanation for a portion of the neuronal death seen in
AIDS dementia (Lipton, 1994).
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181ENV EFFECTS ON FIV ASTROCYTE REPLICATIONOur previous study showed that feline cortical astro-
cytes were susceptible in vitro to infection by two vari-
ants of FIV (34TF10 and PPR) (Phillips et al., 1996, 1990;
Yu et al., 1998). However, the replication efficiency of
these two strains of FIV was very different in these cells.
Although the FIV-34TF10 replicated to high levels in the
feline cortical astrocytes, FIV-PPR replication was barely
detectable (Yu et al., 1998).
Here, we investigated the role of env on the efficient
replication of FIV in feline cortical astrocytes. Cortical
astrocytes were infected with the parental strains,
34TF10 and PPR, and the env chimeric viruses, 34TF10-
PPRenv and PPR-34TF10env. During a 63-day infection
period, we also monitored the effects of four viruses on
an important astrocyte function, glutamate uptake. Our
results showed that all four viral strains replicated in
cortical astrocytes but at far different rates. This replica-
tion efficiency, to a large extent, depended on the env
region, but sequences outside this region had a modu-
latory effect. To varying degrees, all four viruses impaired
FIG. 1. Genomic map of the viruses used in this study. Diagrams o
FIV-34TF10 clone and San Diego-derived FIV-PPR. For the chimera,
substituted into FIV-34TF10; for FIV-PPR-34TF10env, the inverse chimethe astrocyte’s ability to remove glutamate from the ex-
tracellular fluid.RESULTS
Replication kinetics of parental and chimeric FIV
viruses in feline cortical astrocytes
Feline cortical astrocyte cultures, seeded at 50% con-
fluence, were infected with one of two parental virus
clones, FIV-34TF10 and FIV-PPR, or one of two chimeras
in which env sequences of the parental clones were
exchanged, FIV-PPR34TF10env and FIV-34TF10PPRenv
(Fig. 1). A statistically significant productive infection by
the laboratory-adapted strain FIV-34TF10 was detectable
at 35 days postinfection (p.i.) and increased over time,
reaching a peak at day 56 p.i. (Fig. 2A). FIV-PPR, in
contrast, replicated at very low levels and produced
detectable and statistically significant RT activity only at
day 63 p.i. (Fig. 2B). However, when astrocyte cultures
infected by FIV-PPR were cocultivated with feline periph-
eral blood lymphocytes (PBLs) from FIV-negative cats,
FIV-PPR replication increased to a statistically significant
level as early as day 13 p.i. (Fig. 2C).
ll-length parental viruses are shown at the top: the Petaluma-derived
F10-PPRenv, the env-derived BclI–NdeI fragment from FIV-PPR was
same env fragment from FIV-34TF10, was substituted into FIV-PPR.f the fu
FIV-34TWhen the chimeric virus PPR34TF10env was used to
infect cortical astrocyte cultures, RT activity became sta-
ressed
182 BILLAUD ET AL.tistically significant as soon as day 14 p.i. and reached a
peak at 42 days after infection. Kinetically, the replication
of FIV-PPR34TF10env was markedly displaced to the left,
showing an increased replication rate compared with
that of the parental clone, FIV-34TF10. The 50% maximum
RT activity occurred at 20 days PI for FIV-PPR34TF10env
and at 40 days p.i. for FIV-34TF10 (Fig. 2A). In contrast, no
replication was directly detectable after infection of as-
FIG. 2. RT activity in culture supernatant of feline cortical astrocytes
cultures, which were infected with either FIV-34TF10 and FIV-PPR-34TF
compared with the uninfected cultures. FIV-PPR (C)- and FIV-34TF10-PPR
PBLs from cat 95) or an FIV-restricted cell line, MDCK. Results are exp
*P , 0.05, **P , 0.01, ***P , 0.001.trocyte cultures with FIV-34TF10PPRenv (Fig. 2B). How-
ever, after cocultivation of the infected astrocyte cultureswith feline PBLs, FIV-34TF10PPRenv at day 20 p.i. pro-
duced a statistically significant RT activity relative to the
control (Fig. 2D), although less than the other three viral
strains.
Impairment of glutamate uptake by parental and
chimeric viruses
fection with cloned FIV. RT activity in supernatants of feline astrocytes
(A) or FIV-PPR and FIV-34TF10-PPRenv (B), was plotted over time and
)-infected feline astrocytes were cocultivated with indicator cells (feline
as mean 6 SEM cpm. Results were analyzed by analysis of variance.after in
10env
env (DWe then assessed the influence of the four viruses on
an important astrocyte function, glutamate uptake. At
R ultures
o
183ENV EFFECTS ON FIV ASTROCYTE REPLICATIONeach indicated time point, uninfected and infected astro-
cytes cultures were assayed for the ability to uptake
glutamate. The results are expressed as the ratio of
glutamate uptake of the infected cultures over the simul-
taneously collected uninfected control cells. Figure 3A
illustrates that FIV-34TF10 and FIV-PPR34TF10env had
similar impacts on glutamate uptake. At 28 days p.i.,
FIV-34TF10 produced a significant decrease in glutamate
uptake. Thereafter, the inhibition of glutamate uptake in
the 34TF10-infected astrocyte cultures increased over
time, reaching almost 84% at day 56 (Fig. 3A). In a nearly
parallel pattern, the chimeric virus FIV-PPR-34TF10env
induced a statistically significant time-dependent inhibi-
tion (Fig. 3A), starting at day 28 p.i. with an approximately
69.5% decrease, and reaching a maximum of 92% inhi-
bition at day 56.
In contrast to FIV-34TF10 and FIV-PPR-34TF10env,
both FIV-PPR and FIV-34TF10-PPRenv produced a differ-
ent pattern (Fig. 3B). Both viruses significantly inhibited
glutamate uptake at day 28 p.i. Thereafter, for FIV-PPR,
the level of inhibition was relatively stable, ranging from
39% at day 63 to 66% at day 42. The chimeric virus,
FIV-34TF10PPRenv, provided a similar although less pro-
nounced inhibition, producing, at most, a 35% inhibition
at days 28 and 42. Then, as shown in Fig. 3B, FIV-34TF10-
PPRenv-infected astrocyte cultures recovered complete
function, reaching the basal rate at days 56 and 63 p.i.
To investigate further the effect of these four virus
strains on glutamate uptake, we evaluated the cellular
FIG. 3. Effects of FIV infection on feline astrocyte glutamate uptake
FIV-PPR-34TF10env or (B) FIV-PPR and FIV-34TF10-PPRenv, the 3H-glut
esults are expressed as the ratio of 3H-glutamate uptake of infected c
f variance. *P , 0.05, **P , 0.01, ***P , 0.001.toxicity of these infections. By visual examination of the
FIV-34TF10- and FIV-PPR-34TF10env-infected cultures, adepletion in the number of cells relative to the control
cultures was detectable. Accordingly, this effect was
qualified by measuring the protein concentration in each
of the corresponding cultures. FIV-34TF10 and FIV-PPR-
34TF10env started to kill the infected astrocyte cultures
at day 35 p.i. and day 21 p.i., respectively (Fig. 4A). For
FIV-34TF10-infected astrocyte cultures, the protein con-
centration dropped from 77% of the control cultures at
day 35 p.i. to 59% at the end of the experiment. The
infection by FIV-PPR34TF10env was even more dramatic;
at day 21 p.i., the protein concentration decreased by
13% and reached a maximum of 51% protein loss at day
42 p.i. In contrast, FIV-PPR and FIV-34TF10PPRenv in-
duced almost no cellular toxicity (Fig. 4B). FIV-PPR-in-
fected astrocyte cultures lost a maximum of 16% protein
at day 42 p.i. and then reached the normal level of
uninfected cultures.
DISCUSSION
We demonstrated that the env region of FIV plays an
essential role in the efficient replication of this virus in
astrocytes and that even at a low level of replication,
FIV-PPR, a strain that causes CNS dysfunction in cats,
significantly reduces glutamate uptake in feline cortical
astrocytes in vitro. To reach this conclusion, we used two
lentivirus strains as parental clones, FIV-34TF10 and FIV-
PPR, and two chimeras, FIV-PPR-34TF10env and FIV-
34TF10-PPRenv. After infecting separate cultures of fe-
e indicated time points after infection with either (A) FIV-34TF10 and
uptake assay was performed, as described in Materials and Methods.
to that of control cultures (6SEM). Results were analyzed by analysis. At th
amateline cortical astrocytes with each of the four viral strains,
replication efficiency was monitored, and the cells were
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184 BILLAUD ET AL.evaluated for their ability to scavenge glutamate from the
extracellular compartment.
After infecting feline cortical astrocytes with these
parental and chimeric viruses at the same multiplicity of
infection (m.o.i.) in vitro (day 0), we monitored the result-
ing kinetics of viral replication for a 2-month period. The
ability of these astrocytes to support viral replication was
determined either by detecting RT activity directly in the
cultures for the parental clones and for the chimeric
virus, FIV-PPR-34TF10env (Figs. 2A–2C) or by using
cocultivation with indicator cells for FIV-34TF10-PPRenv
chimeric virus (Fig. 2D). As Fig. 2 illustrates, all four viral
strains replicated but with varying efficiency.
The efficiency of replication clearly depends on viral
strain, and the two strains of FIV used in this study differ
markedly in their ability to propagate in feline cortical
astrocytes cultures. FIV-34TF10, which was established
from a tissue culture-adapted strain of the Petaluma
isolate of FIV, is an atypical lentivirus. To our knowledge,
FIV-34TF10 is the only lentivirus strain that replicates to
high titers in adherent cells such as the epithelial cell
line, CrFK (Crandell feline kidney cells), and an astrocyte-
like cell line, G355-5. Additionally, the replication rate of
FIV-34TF10 in feline PBLs is very low (Phillips et al.,
990). In contrast, FIV-PPR is a molecular clone that was
stablished from the San Diego strain of FIV and has the
ypical lentivirus tropism for macrophages and lympho-
ytes (Phillips et al., 1990). Accordingly, two patterns of
eplication occurred here in infected astrocytes. First,
IV-34TF10, the clone that has an atypical host cell range
FIG. 4. Effects of FIV infection on the astrocyte culture viability. Prote
ptake assay, as described in Materials and Methods, by the Bradford
nfected cultures over the value of the control cultures (6SEM). Resultor a lentivirus, replicated abundantly in feline astrocytes,
nd this unusual property is likely due to its previous
s
aadaptation to grow in adherent cells. However, like HIV-1
(Balluz et al., 1996; Blumberg et al., 1994; Brack-Werner et
al., 1992; Nath et al., 1995; Niikura et al., 1996; Nuovo et
al., 1994; Ranki et al., 1995; Takahashi et al., 1996; Tor-
atore et al., 1994a, 1994b), FIV-PPR replicated in cortical
strocytes at a typically low level, requiring 42 days
efore RT activity was directly detectable compared with
nly 7 days for detection of FIV-34TF10. It is important to
ention that, in general, FIV does not differ greatly from
ther lentiviruses in its limited replication in astrocytes.
ost strains of FIV, similar to HIV, replicate at levels that
re barely detectable by conventional assays. However,
he atypical strain, FIV-34TF10, provided us with a tool
hat facilitated identification of viral regions that are im-
ortant for effective astrocyte replication.
The use of this tool enabled us to demonstrate here
hat the varying pattern of FIV replication in infected
strocytes depends greatly on the env region; that is, the
wo FIV strains that contained the env region of 34TF10,
IV-34TF10 and FIV-PPR-34TF10env, produced the high-
st level of replication, measurable as RT activity in the
ortical astrocytes, whereas the two viruses containing
he env of PPR, FIV-PPR and FIV34TF10-PPRenv, repli-
ated the least efficiently in astrocytes.
Although env was important in determining the level of
IV replication, other regions of the virus modulated
hese effects. As shown by our data, not only did the env
f 34TF10 allow the FIV-PPR-34TF10env chimera to rep-
icate in feline cortical astrocytes, but also the rate of
eplication exceeded that of the FIV-34TF10 parental
nt was measured in 100 ml of the remaining lysate from the glutamate
and the results are expressed as the ratio of protein concentration of
analyzed by analysis of variance. *P , 0.05, **P , 0.01, ***P , 0.001.in contetrain. Indeed, FIV-PPR-34TF10env replicated earlier and
t a higher level than the parental strain FIV-34TF10,
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185ENV EFFECTS ON FIV ASTROCYTE REPLICATIONdemonstrating that the FIV-PPR genome provided ele-
ments that contributed to the chimeric virus’s enhanced
ability to replicate in the feline cortical astrocyte cultures.
Use of the FIV-34TF10-PPRenv chimera, which contained
the env of PPR in the genomic background of FIV-34TF10,
further elaborates this modulating effect by non-env se-
quences. That is, the FIV-PPR parental virus, despite the
greatly delayed kinetics of replication, eventually pro-
duced directly detectable virus in the infected cortical
astrocytes. However, when the env of PPR was placed
within a background of 34TF10, the FIV-34TF10-PPRenv
chimera, the direct detection of virus replication was no
longer possible, requiring instead cocultivation with an
indicator cell line. Thus apparently the FIV-34TF10-PPR-
env chimera lacked not only the enhanced replicating
properties of the 34TF10 env but also the smaller en-
hancing effects of FIV-PPR genomic background. The
results of this study are compatible with the interpreta-
tion that the env region of FIV has a major effect on the
ability of FIV to replicate in cortical astrocytes cultures
but that the non-env regions of this virus also modulate
replication.
Although this study is the first to demonstrate that the
env sequence is important in determining the relative
ability of lentivirus to replicate in astrocytes, these re-
sults are not unexpected in view of previous demonstra-
tions that env alters lentivirus tropism in other cell types
(Di Stefano et al., 1996; Hohdatsu et al., 1996; Pancino et
l., 1995; Power et al., 1998; Sharpless et al., 1992; Sie-
elink et al., 1995; Verschoor et al., 1995). However, the
bility of non-env regions to alter the replication kinetics
f lentiviruses in nonastrocyte cells has also been dem-
nstrated. A stop codon in the ORF-2 sequence of FIV-
4TF10 decreases the ability of this virus to replicate in
BLs or macrophage, showing the importance of ORF-2
n determining the cell tropism of FIV (Waters et al., 1996).
thers working with HIV-1 infection of primary fetal as-
rocytes have suggested that alternative mechanisms
an intervene in the efficiency of the lentiviral production.
ndeed, inefficient translation of gag, env, and nef
RNAs may occur and thus diminish the production of
IV-1 viral particles (Gorry et al., 1999).
In this present study, the OrfF and OrfI of FIV were
witched along with the env sequence of the virus. How-
ver, it is unlikely that either of these Orfs influenced the
ropism of FIV for the astrocyte cultures because the
ranscription of these two Orfs and the existence of their
roteins products have yet to be established (Phillips et
l., 1990).
Not surprisingly, FIV-34TF10 and FIV-PPR-34TF10env,
he two viruses that replicated in the cortical astrocytes
ith the greatest efficiency, were also the viruses with
he greatest effect on culture viability (Fig. 4A). Thus, the
eplication efficiency of the virus correlated with the
ulture’s viability. Similarly, these two viruses also had
he greatest effect on astrocytes’ ability to remove gluta-
g
rate from the culture (Fig. 3A). However, even FIV-PPR
nd FIV-34TF10-PPRenv, which replicated poorly and did
ot alter culture viability, had a profound effect on gluta-
ate uptake (Figs. 3B and 4B). Of the four viral strains
sed in this study, FIV-PPR and FIV-34TF10-PPRenv were
he only ones that markedly impaired this function of
strocytes without a prolonged alteration in culture via-
ility.
Because FIV-34TF10 has a higher replication rate in
strocytes and has a greater effect on glutamate uptake
han FIV-PPR, it may seem that FIV-34TF10 should be
ore neuropathogenic in vivo than FIV-PPR. However,
irulence of virus is dependent on multiple factors. In this
ase, FIV-34TF10 is a tissue culture-adapted strain of the
irus. FIV-34TF10 likely has multiple mutations that alter
ts virulence. Before molecular cloning, the stock virus
rom which it was derived was repeatedly passed in
issue culture in the absence of selective pressures that
re present in vivo. FIV-34TF10 has lost the ability to
eplicate in feline lymphocytes and replicates poorly in
ivo (Phillips et al., 1990; Sparger et al., 1994). Thus it is
ossible that FIV-34TF10 would have trouble reaching
he feline brain. Although astrocyte tropism and reduced
ptake of glutamate may be important neurovirulence
actors, it is likely that they are not sufficient for neuro-
irulence in the absence of other factors that are needed
or in vivo replication. Because FIV-34TF10 has a height-
ned ability to replicate in astrocyte cultures, this viral
train was used as a tool to determine which region of
he virus was responsible for efficient replication in as-
rocyte cultures.
In the case of FIV-PPR, it maintains the ability to
eplicate in lymphocytes, replicates well in vivo, and
auses neurological dysfunction. In vivo, low levels of
eplication in the brain are typical of many strains of both
IV and HIV-1, yet this low level of replication often
esults in detectable neurological dysfunction (Kolson et
l., 1998; Phillips et al., 1996). The results of this study,
emonstrating that low levels of FIV-PPR replication in
strocyte cultures caused a significant reduction in glu-
amate uptake function, indicate that these factors might
e important in neurovirulence. Detection of elevated
evels of glutamate in FIV-infected cats supports the in
ivo relevance of our data (Power et al., 1997).
Low-grade chronic infection of astrocytes in vivo may
lter the ability of astrocytes to remove excess glutamate
rom the extracellular space, which, in turn, could lead to
eurotoxicity through the excitotoxicity mechanism. In-
reased levels of extracellular glutamate is a crucial
lement to the excitotoxicity theory of lentivirus-induced
euronal damage (Ankarcrona et al., 1995; Dreyer and
ipton, 1995; Lipton, 1992a; Lipton et al., 1991; Savio and
evi, 1993). Because astrocytes regulate the extracellular
oncentration of the primary excitatory neurotransmitter
lutamate, these cells are essential players in the neu-
otoxic process (Schousboe et al., 1997).
1
e
P
a
i
c
m
s
t
a
l
n
a
c
c
o
s
v
o
e
o
m
p
e
r
w
c
c
t
i
e
r
a
c
A
d
t
c
R
p
G
m
i
r
186 BILLAUD ET AL.Overall, these observations may improve the under-
standing of the mechanisms inducing CNS disorders
after lentiviral infection and confirm the usefulness of our
model of FIV infection in the cat.
MATERIALS AND METHODS
Viruses: Parental clones
Two infectious molecular clones of FIV, 34TF10 and
PPR, were used as the parental viruses for this study and
were prepared as previously described (Phillips et al.,
996, 1990; Talbott et al., 1989). Briefly, FIV-34TF10 was
stablished from a tissue culture-adapted strain of the
etaluma isolate of FIV and replicates efficiently in the
strocyte G355-5 cell line but poorly in PBLs (Phillips et
al., 1990). The FIV-PPR clone was established from the
San Diego strain of FIV and has a more typical lentivirus
host cell range of macrophages and lymphocytes (Phil-
lips et al., 1990). FIV-PPR replicates well in cats and
nduces neurological dysfunctions in vivo (Phillips et al.,
1996) and neurotoxicity in vitro (Gruol et al., 1998),
whereas FIV-34TF10 replicates poorly in vivo and pro-
duces little disease (Phillips et al., 1990). Viral stocks of
FIV-34TF10 and FIV-PPR were prepared as previously
described (Yu et al., 1998).
Construction of the chimeric viruses
Chimeric viruses were made by reciprocally exchang-
ing approximately 66% of the 39 env region between the
conserved BclI (at base 7251 for FIV-34TF10 and base
7250 for FIV-PPR) and NdeI (at base 8906 for FIV-34TF10
and base 8901 for FIV-PPR) sites of the FIV-PPR and the
FIV-34TF10 clones (Fig. 1). A stock of PPR-34TF10env
virus was prepared as previously described for FIV-
34TF10 (Yu et al., 1998). The viral stock of 34TF10-PPRenv
was produced similar to that described for FIV-PPR, and
cocultivation with feline PBLs followed the transfection
into the G355-5 cell line (Yu et al., 1998).
The m.o.i. values were determined by limiting dilution
of the viral stock on astrocyte cell line G355-5 for FIV
34TF10 and FIV-PPR-34TF10env and on PBLs for FIV-PPR
and FIV-34TF10-PPRenv.
Cellular cultures
For enriched astrocyte cultures, primary cultures of
cerebral cortical astrocytes were prepared from 2-day-
old offspring of specific pathogen-free cats as previously
described (McCarthy and de Vellis, 1980) with some
modification (Yu et al., 1993). Briefly, forebrains were
removed aseptically from the skulls; the meninges were
excised under a dissecting microscope, and neocortices
were dissected. The cells were dissociated, without tryp-
sin, by passage through needles of decreasing gauges
(16, 19, and 25 gauge) two or three times with a 10-ml
syringe. The cells were seeded at a density of 105 cells/m2 onto 12-well tissue culture plates (Costar) in DMEM
(BioWhittaker) containing 10% FBS (BioWhittaker) and 25
mM glucose and then incubated at 37°C in an atmo-
sphere containing 5% CO2 at 95% humidity. The culture
edium was renewed 3–4 days after seeding and sub-
equently twice per week. These conditions yielded as-
rocyte cultures containing more than 92% glial fibrillary
cidic protein-immunoreactive cells (Yu et al., 1998), and
ess than 2.5% were microglial cells as determined by
onspecific esterase staining (data not shown).
For infection of astrocytes, cerebral cortical astrocytes
nd Madin-Darby canine kidney (MDCK ATCC CCL-34)
ontrol cells were seeded onto 12-well plates at a con-
entration of 40,000 cells/well (equal to 50% confluency
n the day of infection). Because these cells replicate
lowly, the periodic removal of cells to maintain culture
iability was not necessary during the entire time course
f this experiment. All four viral strains were added for
ach replicate experiment at the m.o.i. of 15. After 2 days
f incubation, the cultures were washed in serum-free
edia and trypsinized to remove residual infecting viral
articles. Identical cultures were then placed into two
xperimental protocols. One set of the cultures was
esuspended and maintained in DMEM–10% FBS for
eekly monitoring of RT activity and used in the astro-
yte functional assays. The other set of cultures was
ocultivated with the indicator cells, feline PBLs, to de-
ermine whether the FIV-PPR- and FIV-34TF10-PPRenv-
nfected astrocyte cultures produced infectious virus. To
valuate whether washing and trypsinization effectively
emoved the residual infecting virus, a similar infection
nd coculture protocol was applied to the MDCK control
ells, an adherent line that is resistant to FIV infection.
dditionally, using immunocytochemistry, we previously
emonstrated that strains of FIV used in this study infect
he glial fibrillary acidic protein-positive cells of these
ultures (Yu et al., 1998).
T assay
Virus-containing supernatants were harvested and
rocessed as previously described (Yu et al., 1998).
lutamate uptake assay
The uptake of glutamate was determined with the
ethod described by Volterra et al. (1992). Briefly, after
nfection and supernatant collection, the medium was
eplaced by 0.5 ml of fresh medium containing 50 mM
glutamate and 23 pmol of (3,4-3H)-L-glutamic acid (44
mCi/mmol). Uptake was terminated 15 min later by re-
moving the supernatant and washing the cells three
times with 2 ml of ice-cold PBS. Astrocytes were then
lysed by 0.5 ml of 10 mM NaOH containing 0.1% Triton
X-100, and a 300-ml portion was assayed for 3H by liquid
scintillation counting. The protein content was measured
with Bradford assay (Bradford, 1976) in 100 ml of the
BB
B
D
E
G
G
G
H
H
J
K
L
187ENV EFFECTS ON FIV ASTROCYTE REPLICATIONremaining lysate and expressed in mg/ml. Glutamate
uptake was expressed in fmol/mg protein/15 min. The
protein concentration of the cultures was also used as
an indirect measure of culture viability.
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